We report the controlled formation and characterization of heterojunctions between carbon nanotubes and different metal nanocrystals (Fe, Co, Ni, and FeCo). The heterojunctions are formed from metal-filled multiwall carbon nanotubes (MWNTs) via intense electron beam irradiation at temperatures in the range of 450 -700°C and observed in situ in a transmission electron microscope. Under irradiation, the segregation of metal and carbon atoms occurs, leading to the formation of heterojunctions between metal and graphite. Metallic conductivity of the metal-nanotube junctions was found by using in situ transport measurements in an electron microscope. Density functional calculations show that these structures are mechanically strong, the bonding at the interface is covalent, and the electronic states at and around the Fermi level are delocalized across the entire system. These properties are essential for the application of such heterojunctions as contacts in electronic devices and vital for the fabrication of robust nanotube-metal composite materials.
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nanoelectronics ͉ interfacial interactions ͉ conductivity ͉ electron microscopy ͉ composites H eterojunctions between different materials are of increasing interest in nanotechnology. For creating devices at the nanoscale, different structures have to be joined so as to obtain junctions with predefined properties. Junctions between carbon nanotubes (CNTs) and metals (1) (2) (3) or semiconducting (1, 4) nanowires are highly desirable to exploit the excellent electronic and mechanical properties of CNTs. In electronic devices, conductive contacts between the graphitic network of CNTs and metallic electrodes need to be established to link the nanotubes with each other and their periphery. To date, most results indicate that the properties of such a device are dominated by the electronic behavior at the nanotube-metal contact. For instance, the resistance of the ohmic contact (1, 3, 5) or Schottky barrier effects (6) are influenced by the type of interface between metal and the graphitic structure. In some previous studies, multiwall carbon nanotube (MWNTs) interconnections with metal electrodes only occurred with the outermost wall of MWNTs (7) . A robust mechanical connection in such a junction cannot be expected, nor can the inner walls of MWNTs participate considerably in charge transport (5) . Therefore, detailed knowledge regarding the nature and strength of bonding as well as the morphology and electrical properties of contacts is important because it is vital to connect all concentric cylinders of a MWNT, across the entire cross-section of the nanotube, to a metal particle. In particular, a covalent nanotube-metal junction would allow one to attach nanotubes firmly to metal pieces, which is useful for achieving well-defined electrical contacts and also for attaching nanotubes firmly to metal supports for the realization of ultrastrong nanotube ropes in mechanical systems.
Recent studies have reported examples of graphitic material interfaces with metal particles for Co crystals and nanotubes (8) , Fe particles with amorphous carbon pillars (9) , and W (10) or Pt (3) particles and MWNTs. An interface between carbon nanotubes and metal particles was also observed during the growth of nanotubes from catalytically active metals (11) . However, the structure of the interface and the nature of bonding between metal and carbon remained unclear. This is not only important for predicting and understanding the electrical or mechanical properties of the junctions but also for exploring the growth of nanotubes from catalytically active metal particles where the nucleation and growth of the tube occur through such an interface
Here, we report a technique for the efficient formation of nanotube-metal heterojunctions in which the metal is strongly bonded to all layers of a MWNT. The controlled process is carried out and observed in a transmission electron microscope (TEM). It involves intense electron irradiation of metal-filled MWNTs at temperatures of 450-700°C whereby real-time in situ imaging with lattice resolution is possible (12) (13) (14) . It has recently been demonstrated that materials can be tailored at the nanoscale by controlled electron irradiation, e.g., metal nanostructures (14) and CNTs (15) . In particular, metal-filled CNTs have shown interesting phenomena when exposed to an intense electron beam (16, 17) . In the present study, rod-like structures are obtained, consisting of 2 MWNT segments joined by short transition metal nanowires, also termed in this study as MWNTm-MWNT junctions, where m stands for a metal or a metallic alloy. We complement the experimental evidence by performing density functional theory (DFT) calculations to elucidate the atomistic details of the carbon-metal interface. We also provide experimental and theoretical evidence that the so-formed metal-MWNT contacts exhibit a high transmission amplitude for electron transport across the interface.
Results
Specimens of Fe-, Co-, Ni-and FeCo-filled MWNTs were synthesized (18, 19) as described in the materials and methods section below. Electron irradiation experiments were carried out in an electron microscope by focusing an electron beam with a diameter in the range 2-20 nm, resulting in current densities of 10 3 Ϫ 10 5 A/cm 2 , onto metal-filled nanotubes. Thus, carbon atoms from the MWNT walls were displaced ballistically by the energetic electrons. An elevated specimen temperature of 450-700°C was chosen to allow annealing of beam-induced damage in the graphitic lattice, thereby avoiding the agglomeration of structural defects (12, 20) . At the electron energies in our experiments, atom displacements occur only in the MWNTs but not in the encapsulated metals, which have much higher atom displacement thresholds than graphitic carbon (12) . Nevertheless, shape changes of the metals occur by the compressive action of the graphitic layers (17) and, once the metal surface is not covered anymore by graphite, because of surface migration of atoms under the electron beam. Fig. 1 shows the process by which a MWNT-metal junction is formed. The electron beam was converged onto a small region of a Co-filled tube (2-5 nm in diameter), causing the displacement of carbon atoms from the tube walls. Consequently a reconstruction of the encapsulated Co nanowire is driven by shape changes of the nanotube and interdiffusion between the 2 components. The graphitic layers within the MWNT (Fig. 1 A) reconstruct, causing the Co crystal to change its shape and segregate (Fig. 1B) . The reshaping of the Co nanowire continues, and a MWNT-Co-MWNT junction is finally obtained (Fig. 1C) . The complete process took 11 min at an irradiation intensity of
Another example is shown in supporting information (SI) Fig. S1 . This process can be controlled and extended to produce periodic arrays by repeated irradiation, as shown in Fig.  1D , where a FeCo-filled MWNT was transformed into a structure where 3 MWNT segments are connected by 2 metal particles.
High-resolution scanning transmission (STEM) and TEM electron microscopy images depicting the detailed atomic structure of metal-MWNT interfaces are shown in Fig. 2 . For Co (Fig.  2 A) the STEM lattice image (obtained with an aberrationcorrected probe) of the Co crystal shows the [110] zone axis projection of the Co fcc lattice. Although the MWNT axis appears to be aligned parallel to the [Ϫ110] axis of the Co particle, the graphitic basal layers are bent toward (111) Co planes at the intersection. This was observed in many examples where (111) planes of the metal crystals were visible. Because the metal crystals do not have the rotational symmetry of the tube, the bonding between (111) planes of the metal and the layers of the tube can only occur locally along the circumference of the tube, but this type of bonding seems to be favorable. A semicoherent interface appears to compensate the large lattice mismatch between the metal and the nanotube lattice ( Fig. 2 A  Inset) . Given the fact that the mismatch is extreme and the interface must be quite disordered locally, the strain at the interface (seen as the bending of the MWNT walls) is considerable and shows that the bonding between the nanotube and Co must be strong. Fig. 2B shows a TEM image of the interface for Ni, where a thicker Ni-filled MWNT was used as a starting material. It is possible to observe the mismatch between the MWNT and the Ni crystal as well as dark contrast close to the interface, again indicating strong bonding. No indications for the formation of carbides, even in lowest quantities close to the interface, were found by imaging and electron nanodiffraction. The metal crystals always appeared in the fcc phase. Electron energy-loss spectroscopy (EELS) did not show particular features at the interface (see Fig. S2 ).
To evaluate the electrical transport through a MWNT-m-MWNT system, direct transport measurements were carried out in another electron microscope equipped with a dedicated STM-TEM holder (21) (Fig. 3) . A single Co-filled MWNT protruding from the edge of a gold wire (biased) was connected to a gold tip (Left Inset in Fig. 3) . A bias applied to the structure was slowly increased until a Co particle began to melt (because of Joule heating) and move. The bias was then immediately reduced to prevent further shrinking or moving of the particle. At this moment, we found that the conduction was indeed improved, which is mainly attributed to the achievement of a better electrical contact (22) . The I-V curves became smooth, which indicates a good and stable electrical contact has been established because of structure annealing under biasing. The electron beam was then converged onto the particle. During the irradiation, a bias of a few volts was applied to keep the tube at a high temperature and to prevent structural failure under irradiation. During this process, the current through the tube was Ϸ25 A. Then, and in line with the above-mentioned facts, a MWNT-Co-MWNT junction was finally formed (Upper Right Inset in Fig. 3) , and I-V curves were recorded.
The Co particle-joined structure clearly shows metallic conduction without any semiconducting behavior or band offsets. The nature of the junction (simultaneous conduction in both directions: MWNT-Co-MWNT) allows us to exclude diode effects. Four analogous experiments were performed on various tubes by paying special attention to a comparison of the resistances of filled vs. Co-joined structures (Fig. S3) . In all cases, the transport behavior was similar-the resistance of the ''joined'' state was always slightly lower than the original ''filled'' state. For example, the resistance of the curves shown in Fig. 3 was measured to be 98 k⍀ (filled state, black plot) and 78 k⍀ (Co-joined state, red plot). The rather high initial resistance in these cases might be due to defects in the nanotubes, but it is shown that the formation of junctions improves the situation.
To develop a fundamental understanding of the nature of the nanotube-metal system, we performed first-principles electronic structure calculations based on DFT, by using a SWNT-Co heterojunction as a model. The electronic structure of the SWNT-Co system was examined by using the Vienna ab initio simulation package (VASP), version 4.6.6 (23-26). The Kohn-Sham equations were solved by using the projector augmented wave (PAW) approach (27, 28) and a plane-wave basis with a 400-eV energy cutoff. The single heterojunction interface was modeled with a (9, 0) SWNT and a Co cluster. The cell size was 20 ϫ 20 ϫ 32 Å 3 providing a vacuum layer of at least 12 Å on either side whereby one end of the nanotube was passivated with H. The model included a total of 192 atoms (75 are Co; 3 layers of 5 ϫ 5). A superstructure calculation was also performed by periodically repeating the heterojunctions. In that case, the electronic properties of the resulting 20 ϫ 20 ϫ 22-Å 3 unit cell was treated with a 1 ϫ 1 ϫ 4 Brillouin zone Monkhorst-Pack sampling. The generalized gradient approximation (GGA) exchange-correlation functional of Perdew, Burke, and Ernzerhof (29) was used for all of the calculations. Electronic convergence was defined as a consistency between successive cycles of Ͻ10 Ϫ3 eV, and all calculations were performed by assuming spinpolarized electrons. From the fully optimized SWNT-Co periodic heterojunction we computed both the planar and macroscopic average (30, 31) of the local potential and found that a smooth transition between the 2 materials is formed at the interface. Relaxation at the interface is important to avoid interface states stemming from the existence of unsaturated dangling bonds from carbon.
The fully optimized (theoretical) superstructure made up of a Co cluster interacting with a (9, 0) SWNT is shown in Fig. 4A (one unit cell is shown). We used the finite size calculation with hydrogen-passivated carbon ends to compute the binding energy between the 2 components of the heterostructure via [E(SWNTCo) Ϫ E(SWNT)-E(Co)]. This gives a surprisingly large value of 68.46 eV. Assuming there are 9 bonds formed (from the 9 dangling C bonds of the nanotube) the corresponding bond energy is 7.6 eV per bond. From previous studies of single benzyl radicals interacting with transition metals (32), we found that a moderately strong chemical bond is formed to the metals with binding energies larger for those having less filled d orbitals (left side of the periodic table). The binding energy for a Co slab and a single benzyl radical (benzyl is sanding up from the surface) is on the order of 2 eV, considerably smaller than that determined for the Co-SWNT-Co heterostructure of the present study. Examination of the interatomic distances of the structure in Fig.  4A reveals that there are multiple C-Co interactions (as many as 3 per carbon), each of which can contribute significantly to the total binding energy. The nature of the bonding is elucidated in charge density isocontours of Fig. 4 B-D . In particular, metallic binding is apparent in the Co section, whereas covalent (directional) binding is clearly present in the nanotube section and at the interface between the tube and the metallic particle. The electronic structure near the Fermi level is shown in Fig. 4E . The charge density isosurface corresponding to the highest valence state of the heterojunction formed from the Co cluster and (9, 0) SWNT is shown (in blue) along with the conduction state (red). There is considerable delocalization across the entire system, which confirms the metallic nature of the heterostructure. The strong binding and the delocalization between Co and the nanotube indicate that the electronic transport across the interfaces will not be predominantly determined by tunneling (as it would be for weak binding such as van der Waals bonds) and can therefore accommodate large current flow (33) .
Discussion
The morphology of carbon nanotubes filled with thin metal wires is unfavorable from an energetic viewpoint. Materials with surface energies Ͼ0.1 J/m 2 do not wet graphitic surfaces (34) . The surface energy for crystalline Fe or Co is Ϸ2.5 J/m 2 (35) . Consequently, the metal tends to reduce its surface area to minimize energy. Minimization of surface or interface energies would favor a metal crystal with the smallest possible surface-to-volume ratio that is not a wire but a spherical particle. However, the high morphological stability of nanotubes normally hinders such a transformation into an elongated interface energy-optimized structure. When a metal nanowire encapsulated in a nanotube is exposed to an electron beam that displaces carbon atoms, a morphological transformation of the graphitic shell can take place. Because the metal particles remain crystalline during the transformation, surface minimization of the metal occurs by self-diffusion. Electron irradiation causes atom displacements and leads to an intermixing of the 2 phases (carbon atoms diffuse into the metal and metal atoms diffuse through the graphitic shells). A certain mobility of carbon in the metal crystal and of metal atoms in the graphitic shells allow the segregation of the 2 phases. It is remarkable that the shape of the nanotubes is recovered after the reconstruction, whereas the metal crystal develops a low-aspect-ratio geometry.
According to our observations, 2 mechanisms seem to drive the process from which a metal-filled MWNT is transformed into a MWNT-m-MWNT junction:
First, the diffusion of carbon atoms into and through the metal crystal is of major importance in the growth of carbon nanotubes from catalytically active metal crystals (16) . Although the solubility of carbon in transition metals such as Co or Fe is low, the high diffusivity permits an efficient transport of carbon through the metal (36) . Because carbon atoms are easily displaced from the shells at an electron energy of 200 keV, we may assume that a certain amount of carbon is implanted into the metal crystal where carbon diffusion is fast and allows an efficient transfer of the atoms to the end of the metal particles.
Second, metal atoms diffuse through the shells of the nanotube. It has been shown in earlier studies of metal-carbon nanocomposites that the exposure of metal crystals encapsulated in graphite shells to electron irradiation leads to the migration of metal atoms through the graphitic shells (37, 38) . This process is driven by the compression of graphitic cages under electron irradiation, forcing the metal atoms to occupy vacancies in the graphitic lattice and to migrate toward the region of low pressure, i.e., to the surface of the particles, which also appears to happen in the present experiment, as seen in Figs. 1 and 2 .
Nanotubes under an electron beam contract and develop high pressure onto the encapsulated materials (17) , leading to an extrusion of the metal crystal or, when the tube has already collapsed in the previously empty regions, to the gradual displacement of the metal through the shells. The segregation of carbon and metal leads to the junction where strong bonds between the 2 phases develop, as seen in Fig. 2 . We can assume that only strong covalent bonds are able to lead to such a highly strained interface, and the electrical measurements as well as the electronic structure calculations indeed indicate the presence of covalent bonds. The formation of metal-carbon bonds at the junction can contribute again to the minimization of interface energy. As mentioned above, we have quantified the covalent nature of the nanotube-Co-nanotube heterojunction by directly computing the binding energy and by examining the charge density at the interface (Fig. 4 B-D) . The electronic structure shown in Fig. 4E has significant delocalization across the entire heterostructure, indicating a metallic character, which was indeed confirmed by the direct transport measurements.
In conclusion, we have demonstrated that it is possible to generate MWNT-m-MWNT junctions with promising transport properties via electron irradiation of metal-nanotube composite structures. The computed electronic structure for the model nanotube-Co heterojunction shows that these types of structures have a potential for engineering functional electronic and ferromagnetic devices. The magnetotransport properties and possible applications in memory devices are certainly worth exploring. An upscaling of the technique by applying focused ion beams could be feasible. The structures and the technique to create them should set the stage for future fabrication of contacts in devices that are mechanically and electrically robust. Three dimensional metal-nanotube networks could be foreseen as extremely robust nanocomposites.
Materials and Methods
Metal-filled MWNTs were synthesized by aerosol pyrolysis (18, 19) . For producing Fe-, Co-, Ni-and FeCo-filled MWNTs, solutions (3 wt % solute-tosolvent) of ferrocene, Co acetylacetonate II, nickelocene, or a mixture of ferrocene and cobaltocene dissolved in toluene or ethanol were used, respectively. The solutions were mixed with Ar so as to produce an aerosol that was directed into a quartz tube placed inside a furnace at 850°C. After the reaction, MWNTs partly filled with metal nanowires were scraped from the quartz tube walls and dispersed in ethanol by sonication. Finally, a drop of the suspension was deposited onto a TEM grid. The samples were heated to 450 -700°C by using a heating stage in the TEM. Electron irradiation experiments and imaging were carried out by using a field emission TEM/STEM (JEOL 2100F, operated at 200 kV) with a C s-corrected illumination system. Irradiation experiments and imaging were carried out in the TEM mode of the instrument. Some high-resolution images were taken in the STEM mode (where the spot is too localized for irradiating the whole diameter of the nanotubes). Transport measurements were carried out in a JEM-3100FEF field-emission TEM (Omega Filter) using a Nanofactory Instruments piezo-driven STM-TEM holder (21) .
